The DNA replication machinery is an important target for antibiotic development in increasingly drug-resistant bacteria, including Mycobacterium tuberculosis 1 . Although blocking DNA replication leads to cell death, disrupting the processes used to ensure replication fidelity can accelerate mutation and the evolution of drug resistance. In Escherichia coli, the proofreading subunit of the replisome, the ε exonuclease, is essential for high-fidelity DNA replication 2 ; however, we find that the corresponding subunit is completely dispensable in M. tuberculosis. Rather, the mycobacterial replicative polymerase DnaE1 itself encodes an editing function that proofreads DNA replication, mediated by an intrinsic 3′-5′ exonuclease activity within its PHP domain. Inactivation of the DnaE1 PHP domain increases the mutation rate by more than 3,000-fold. Moreover, phylogenetic analysis of DNA replication proofreading in the bacterial kingdom suggests that E. coli is a phylogenetic outlier and that PHP domain-mediated proofreading is widely conserved and indeed may be the ancestral prokaryotic proofreader.
In the model organism E. coli, DNA replication fidelity is determined by three main processes-nucleotide insertion fidelity by the DNA polymerase, removal of misincorporated nucleotides by the associated 3′-5′ proofreading exonuclease and post-replicative mismatch repair (MMR)-leading to a basal mutation rate of ~10 −10 mutations per base pair per generation 2 . Surprisingly, mycobacteria and all actinomycetes lack the genes encoding the MMR system 3, 4 . Whereas E. coli MMR mutants show ~100-to 1,000-fold increased mutation rates, the basal mutation rate of mycobacteria remains roughly equivalent to that of wild-type E. coli 2, 5 .
In E. coli, DNA replication proofreading is performed by the 3′-5′ ε exonuclease encoded by the dnaQ gene 2 . The ε exonuclease subunit associates with the DNA polymerase PolIIIα in trans and excises misincorporated bases during DNA replication. Like E. coli, M. tuberculosis encodes an annotated dnaQ homolog (Rv3711c; Supplementary Fig. 1 ) that has been assumed to have an important role in replication fidelity 6, 7 . We hypothesized that dnaQ might have a dominant role in replication fidelity in mycobacteria. Surprisingly, however, deletion of dnaQ did not result in an increase in the mutation rate in mycobacteria, as measured by fluctuation analysis (Fig. 1a,b) . Mycobacteria encode a second potential dnaQ homolog (Ms4259; Supplementary Fig. 1 ). However, deletion of this second gene, either individually or in combination with the annotated dnaQ gene, did not increase the mutation rate ( Fig. 1b) . In addition, although purified M. tuberculosis DnaQ had 3′-5′ DNA exonuclease activity ( Supplementary Fig. 2a,b) , it did not stably associate with M. tuberculosis DnaE1 (DnaE1 MTB ) ( Supplementary Fig. 2c) , whereas E. coli DnaQ (ε EC ) formed a tight complex with E. coli PolIIIα (PolIIIα EC ) ( Supplementary Fig. 2d) .
These data suggest that mycobacteria use an alternative exonuclease to ensure replicative fidelity. Whereas DnaE-type polymerases, including PolIIIα EC and DnaE1 MTB , are thought to rely on proofreading provided in trans by an ε exonuclease subunit 2, 8 , it has been demonstrated in vitro that the DnaE polymerases from two thermophiles harbor intrinsic 3′-5′ exonuclease activity in the polymerase and histidinol phosphatase (PHP) domain 9, 10 . The function of PHPdomain exonuclease activity has remained unclear because Thermus species also contain an annotated dnaQ homolog 8, 9 . Given our finding that dnaQ does not substantially contribute to replication fidelity in mycobacteria ( Fig. 1a,b) , we hypothesized that the PHP domain of DnaE1 MTB encodes an intrinsic exonuclease activity that is the primary source of proofreading in this pathogen.
In the two thermophiles, PHP-domain exonuclease activity depends on metal ion coordination by nine conserved amino acids within the PHP domain [9] [10] [11] . These amino acids are conserved in DnaE1 MTB ( Fig. 1c and Supplementary Fig. 3 ) but are mutated in PolIIIα EC , where exonuclease activity is lost 11 . To determine whether DnaE1 MTB has exonuclease activity, we purified recombinant wild-type DnaE1 MTB and two mutants in which metal-coordinating residues were mutated (Asp23Asn and Asp226Asn) ( Supplementary Fig. 4a ). Purified wildtype and mutant DnaE1 MTB showed similar gel filtration profiles (Supplementary Fig. 4b ) and similar folding and thermal stability, as measured by circular dichroism (Supplementary Fig. 4c,d) . Using a real-time primer extension assay 11 , we found that wild-type and DNA replication fidelity in Mycobacterium tuberculosis is mediated by an ancestral prokaryotic proofreader l e t t e r s PHP-mutant DnaE1 MTB proteins also showed robust DNA polymerase activity ( Fig. 1d) . Indeed, under saturating nucleotide concentrations, the V max (maximal initial velocity) for DnaE1 MTB in vitro was faster than that of PolIIIα EC (Fig. 1e) .
To determine whether the PHP domain of DnaE1 MTB has exonuclease activity, we monitored the cleavage of fluorescently labeled single-stranded DNA (ssDNA) oligonucleotides. Wild-type DnaE1 MTB showed clear 3′-5′ exonuclease activity ( Fig. 1f ) but no 5′-3′ exonuclease activity ( Supplementary Fig. 4e ). In contrast, PHP-mutant DnaE1 MTB proteins lacked exonuclease activity (Fig. 1f) . In this assay, PHP-mediated exonuclease activity was distinct from that of ε EC and appeared to pause at sites of predicted secondary structure in the ssDNA ( Fig. 1f and data not shown).
To test the ability of DnaE1 MTB to excise mismatches during DNA synthesis in vitro, we performed primer extension assays using double-stranded DNA (dsDNA) substrates containing either matched or mismatched 3′ primer termini. Wild-type DnaE1 MTB extended from all substrates with similar efficiency (Fig. 1g,h) . This activity did not appear to be mismatch extension because the use of a mismatched primer refractory to exonuclease activity could not be extended by DnaE1 MTB (Supplementary Fig. 5a ). In contrast to wildtype DnaE1 MTB , the PHP mutants were unable to extend mismatched substrates ( Fig. 1g,h) . The behavior of the PHP-mutant DnaE1 MTB proteins was very similar to that of PolIIIα EC in the absence of ε EC , for which we observed almost no primer extension ( Fig. 1g,h) . Extension of a mismatched substrate could be rescued in the PHP Fluorescence intensity (RFU, npg l e t t e r s mutants by the addition of exogenous ε EC , suggesting that the defect in the ability of the PHP-mutant DnaE1 MTB proteins to extend mismatched substrates is specific to their loss of exonuclease activity ( Supplementary Fig. 5b ). These data demonstrate that DnaE1 MTB encodes an intrinsic 3′-5′ exonuclease activity that, at least in vitro, is capable of correcting mismatches. We then assessed the importance of PHP-mediated exonuclease activity for DNA replication proofreading in vivo. Because dnaE1 is an essential gene 12 , we first determined the consequences of inducible overexpression of wild-type dnaE1 or alleles encoding the PHP mutants. Overexpression of wild-type dnaE1 did not increase the mutation rate ( Fig. 2a,b) . In contrast, overexpression of either M. tuberculosis or Mycobacterium smegmatis dnaE1 alleles encoding PHP mutants led to a dose-dependent increase in the mutation rate ( Fig. 2a,b) .
We then used an allele-swapping system to replace the endogenous dnaE1 allele with either the wild-type dnaE1 allele or alleles encoding the PHP mutants. Both wild-type and PHP-mutant dnaE1 alleles could substitute for wild-type dnaE1, indicating that both were sufficient for viability ( Fig. 2c) . However, whereas wild type-complemented strains grew normally, strains complemented with alleles for PHP mutants were severely attenuated for growth ( Fig. 2d ). Because this growth defect precluded the use of fluctuation analysis to measure mutation rate, we instead performed mutant accumulation assays and enumerated the accumulation of mutations using whole-genome sequencing. In a mutant accumulation assay, we found that the basal mutation rate for M. smegmatis complemented with wild-type dnaE1 was ~4.5 × 10 −10 mutations per base pair per generation, consistent with data from fluctuation analysis and previously published estimates ( Table 1 and Supplementary Fig. 6 ) 13 . In contrast, the mutation rate in the absence of PHP exonuclease activity was ~1.0-1.7 × 10 −6 mutations per base pair per generation, or ~7-11 mutations per genome per generation, a ~2,300-to 3,700-fold increase over the wild-type rate ( Table 1 ). The mutational spectra in both the wild-type and PHP-mutant strains were notable for the relatively high frequency of insertion and deletion events 14 , which is consistent with lack of a functional MMR system in mycobacteria 4 .
We hypothesize that the growth defect in the PHP-mutant strains reflects a defect in DNA polymerase function and/or a large increase in the mutation rate that decreases strain fitness. Our data suggest that a defect in PHP-mutant DNA polymerase function is unlikely to be an artifact of protein folding or stability issues (Figs. 1d and 2a-c, and Supplementary Fig. 4) . Rather, the growth defect may be due to DNA replication stalling as a result of the relative inability of DnaE1 to extend from misincorporated nucleotides ( Fig. 1h) . Alternatively, the growth defect could result from the increased mutation rate. In E. coli, the site-specific disruption of DnaQ (ε EC ) proofreading is lethal, but this lethality can be suppressed by overexpression of MutL or a PolIIIα EC antimutator allele, suggesting that increased mutation rate by itself can result in a severe fitness cost 15 .
Thus, we find that the PHP domain of DnaE1, not DnaQ, is the major replicative exonuclease and a critical determinant of DNA replication fidelity in mycobacteria. Bacterial pathogens under rapidly changing selective pressures often inactivate MMR and acquire a selective advantage by becoming hypermutable 16 Fig. 7b ). Thus, PHP domain-mediated proofreading may be essential for M. tuberculosis pathogenesis. We next sought to determine the distribution of these two contrasting mechanisms of DNA replication fidelity-the PHP domain and the E. coli-like ε exonuclease-in the bacterial kingdom (see Supplementary Table 2 for the ~2,000 bacterial species analyzed). All bacterial replicative DNA polymerases have a PHP domain 8 .
Using the conservation of all nine metal ion-coordinating residues as a proxy for an active PHP-domain exonuclease, we categorized replicative DNA polymerases as having either an 'active' or 'inactive' PHP domain. In addition, we also queried each bacterial species for the presence of an E. coli-like ε-exonuclease homolog. On the basis of sequence alignments of the ε-exonuclease homologs from gammaproteobacteria, an E. coli-like ε-exonuclease homolog was defined as a single-domain protein containing a DEDDh-family exonuclease npg l e t t e r s domain followed immediately by a clamp-binding motif 17 . In a complementary analysis, which produced concordant results, we defined E. coli-like ε-exonuclease homologs more broadly by homology to a hidden Markov model (HMM) built from manually curated alignments of proteobacterial ε exonucleases 18 .
In agreement with a recent phylogenetic study of DNA PolIIIα homologs 19 , we found that the majority of replicative bacterial polymerases contain an active PHP exonuclease (Fig. 3a,b) . However, the majority of bacterial classes did not have an E. coli-like ε exonuclease ( Fig. 3a,b) . Putative ε-exonuclease homologs were distributed between two well-defined groups (Fig. 3a) , with only the higher-scoring group showing all the characteristics of an E. coli-like ε-exonuclease homolog. The lower-scoring group, which included the annotated dnaQ homologs in mycobacteria, appeared to encode 3′-5′ exonucleases but lacked the distinguishing characteristics of ε EC (Supplementary Table 3 and data not shown). E. coli-like ε exonucleases appear to exist uniquely within the alpha-, beta-and gammaproteobacteria ( Fig. 3b  and Supplementary Table 3 ) 11 . In a subset of bacteria, an ε exonuclease-like domain has been either inserted into the PHP domain of the replicative DNA polymerase (constituting the PolC family of polymerases) or fused to the N terminus of a DnaE1-type DNA polymerase (Fig. 3b) 19 . In contrast to previous observations that suggest that DNA PolIIIα homologs may coordinately use both PHP-domain and ε exonuclease-domain activity 19 , we found that, although there were rare exceptions, broadly, the presence of an active PHP domain appeared to be mutually exclusive with the presence of an E. coli-like ε exonuclease or an ε exonuclease-like domain encoded within the polymerase (for example, PolC). Although these data do not preclude another role for the annotated ε-exonuclease homologs in DNA replication in species containing an active PHP domain, they suggest that the PHP domain is the most common replicative exonuclease in the bacterial kingdom and may be the ancestral prokaryotic proofreader.
Finally, bacterial DNA polymerases are active drug targets 1 but have not been successfully targeted by nucleoside analogs, which are commonly used to treat cancer and viral infections 20 . Nucleoside analogs mimic their physiological counterparts and are incorporated into DNA and/or RNA to inhibit cellular division and viral replication 20 . There have been efforts to use adenosine analogs to treat M. tuberculosis, but these have had minimal success 21 . We reasoned that, in addition to imposing a severe fitness cost on its own (Fig. 2d) , inhibition of PHP domain-mediated proofreading might sensitize mycobacteria to nucleoside analogs. We first identified nucleoside analogs that specifically disrupted the DNA synthesis mediated by PHP-mutant DnaE1 in vitro (Fig. 4a and data not shown) , subsequently focusing on ara-A, a chain-terminating adenosine analog that can be phosphorylated to its active form in M. tuberculosis by adenosine kinase 21 . Both wild-type and PHP-mutant DnaE1 appeared to incorporate ara-A at similar rates in vitro (Fig. 4a) . However, whereas wild-type DnaE1 efficiently removed incorporated ara-A, the PHP mutants remained blocked at sites of ara-A incorporation (Fig. 4a) . Consistent with these in vitro results, ara-A had no activity against mycobacteria containing wild-type dnaE1 but was toxic to mycobacteria in which PHP activity was inhibited (Fig. 4b) , presumably as a result of inhibition of DNA replication. Selective inhibition of PHP mutants by ara-A was specific, as the minimum inhibitory concentrations (MICs) of a panel of anti-mycobacterial agents showed no difference between the wild-type strain and the PHP mutants (Supplementary Table 4 ). Disruption of DNA synthesis by PHPdomain inhibition coupled with nucleoside analog treatment would represent a new mechanism of action for an antibiotic and a novel therapeutic option for drug-resistant M. tuberculosis.
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oNLINE METHoDs
Media. M. tuberculosis (H37Rv) or M. smegmatis (mc 2 155) were grown at 37 °C in Middlebrook 7H9 broth or on 7H10 plates supplemented with the appropriate antibiotics.
Bacterial strains and plasmids. All M. tuberculosis strains are derivatives of H37Rv; all M. smegmatis strains are derivatives of mc 2 155 with the exception of the protein production strain, which is a derivative of mc 2 4517. The bacterial strains are listed in Supplementary Table 5 . All plasmids generated in this study are listed in Supplementary Table 6 .
Allele-swapping experiments. dnaE1 plasmids were transformed into strain JR19 (∆dnaE1::hyg dnaE1::L5(zeo) [Ms3178]), plated on 7H10 plates supplemented with kanamycin and incubated at 37 °C for 4-5 d. Individual colonies were then patched on 7H10 plates containing either kanamycin or zeocin. Kanamycin-resistant, zeocin-sensitive colonies were scored as 'allele-swap' strains (strains in which the transformed dnaE1 plasmid encoding kanamycin resistance replaced the dnaE1 plasmid encoding zeocin resistance at attB). Kanamycinresistant, zeocin-resistant colonies were scored as 'co-integrant' strains (strains in which the transformed dnaE1 plasmid encoding kanamycin resistance integrated adjacent to the dnaE1 plasmid encoding zeocin resistance at attB). Plasmids pJR87 and pJR161 incorporated silent mutations flanking the PHP domain-targeting mutation to allow for the unambiguous scoring of any reversion events. Resulting colonies were then restreaked to single colonies on 7H10 plates containing kanamycin. Individual colonies were again streaked to single colonies on a 7H10 plate and confirmed for allele swapping on the basis of resistance to kanamycin and sensitivity to zeocin. The resulting patch from the 7H10 plate was used as the 'time 0' strain isolate for the mutant accumulation assay. For each genotype, 12 mutant accumulation assay lines originated from single ~0.5-mm colonies isolated on 7H10 plates. Each line was streaked for single colonies on a 7H10 plate and incubated for 3-4 d (wild type complemented) or 8 d (PHP mutant complemented). This procedure was then followed repeatedly for the desired number of passages.
Estimation of generations in a colony. The number of cells in a colony was determined by excising mc 2 155 colonies of an average diameter of ~0.5 mm from agar plates, resuspending them in PBS with 0.05% Tween-80, generating a single-cell suspension by sonication and plating dilutions on 7H10 plates. The average number of cells in a ~0.5-mm colony was 2.37 × 10 7 cells, with an s.d. of 6.7 × 10 6 cells, which corresponds to 24.5 generations. These estimates were confirmed by direct counting of the number of cells in a colony in a Petroff-Hausser counting chamber (VWR, 15170-048). Because of clumping of the PHP mutant cells, a similar estimate could not be generated for these strains.
Immunoblots. DnaE1-Myc was detected using an antibody to Myc (71D10, Cell Signaling Technology) at a 1:1,000 dilution; HSP65 was detected using an antibody to HSP65 (BDI578, Abcam) at a 1:1,000 dilution. IRDye-800 antimouse and IRDye-680 anti-rabbit antibodies were used at 1:15,000 dilutions. Immunoblots were imaged on a Li-Cor Odyssey scanner.
Sequencing. Genomic DNA was isolated from 10-ml M. smegmatis cultures using standard phenol-chloroform extraction techniques. Genomic DNA was quantified using a Qubit Fluorometer (Life Technologies), and libraries were prepared with the Illumina Nextera XT kit. Sequencing was performed using an Illumina MiSeq Desktop Sequencer with MiSeq Reagent Kit v2. Paired-end read sequencing was performed with read lengths of 101 bases. Mutant accumulation lines were covered to an average depth of 74× (range of 35-135×) and 96.3% genome coverage at a depth greater than 10× and mapping quality greater than or equal to 60.
SNP and indel calling. The reference genome was mc 2 155 (NCBI, NC_008596). Sequencing reads were aligned to the reference genome using the BWA-MEM algorithm 22 . We then applied Genome Analysis Toolkit (GATK) 23 base quality score recalibration, indel realignment and duplicate removal, and we performed SNP and indel discovery and genotyping simultaneously according to GATK Best-Practices recommendation 21, 24 . An initial round of SNP calling on the original, non-recalibrated data was used to generate a set of 'known' SNPs for use in GATK tools that required previous SNP information. After GATK analysis, SNPs were filtered according to the following hard parameters: QD < 2.0, FS > 60.0, MQ < 50.0, MappingQualityRankSum < −12.5 and ReadPosRankSum < −8.0.
Mutation rate estimated from mutant accumulation assays. The mutation rate was estimated from the number of SNPs and small indels (≤10 bp) observed across mutant accumulation lines. For the sake of simplicity, we assumed that the number of mutations (m) was an accurate assessment of the mutation rate of the strain during the course of the experiment. It is possible that the low fitness of the PHP-mutant strains may disallow mildly deleterious mutations. Moreover, it is possible that the PHP-mutant alleles retain a small amount of residual exonuclease activity. For these reasons, the estimate for m in the PHP-mutant strains may be an underestimate. The estimation of the mutation rate for a mutant accumulation strain was generated with the equation µ = m/(N × g). The per-base mutation rate (µ) is determined by the number of variants m (SNPs and indels) divided by the covered genome size (N) times the number of generations (g). m is defined by the number of variants observed, N is determined on the basis of 96.3% coverage of a 6,988,209-bp mc 2 155 genome and g is an estimate of the number of generations that occurred during passaging. Estimates of 95% CIs for the mutation rate were determined using the poissfit function in Matlab (MathWorks).
Estimation of mutation rates by fluctuation analysis.
Fluctuation analysis, rpoB target size determination and statistical comparisons of fluctuation analysis data were performed as previously described 25 .
Bacterial genomes and sequence data. Bacterial genome sequences (RefSeq and Draft) were downloaded from NCBI (http://ftp.ncbi.nlm.nih.gov/genomes/). C-family DNA polymerases and ε exonuclease homologs were identified by performing protein sequence searches with BLAST 26 against the protein database derived from the collected bacterial genomes. BLAST searches were run until convergence (E value = 1 × 10 −5 inclusion threshold) using the following representatives as search probes: the E. coli DNA polymerase III α subunit (NP_414726.1); Bacillus subtilis DNA polymerase III PolC type (NP_389540); and E. coli DNA polymerase III ε subunit (NP_414751). If a DNA polymerase sequence contained an intein, it was excised before further analysis 19 . A small number of sequences were found to be fragmented, either owing to frameshifts presumably resulting from sequencing or assembly errors or misannotation of translational start sites-such sequences were removed from further analysis. Annotated 16S rRNA sequences were extracted from the RefSeq and Draft bacterial genomes with custom Perl scripts. For poorly represented bacterial classes, additional sequences were identified in the nr NCBI database with BLAST. See Supplementary Table 2 for the organisms and sequences used in this study.
Multiple-sequence alignments and analysis of sequence features.
Sequences were parsed according to taxonomical class. Protein sequence alignments were constructed with MAFFT 27 . DNA polymerases were classified as PolC, DnaE1 (the major DNA replicative polymerase in bacteria that do not use PolC) or DnaEn (which includes both the DnaE2 and DnaE3 classes) on the basis of score cutoffs from custom DNA polymerase HMMs or from previous classifications 19 . For DNA polymerases, the presence of an 'exonuclease-active' PHP domain was queried on the basis of the conservation of all nine essential metal ion-binding residues (His14, His16, Asp23, His48, Glu73, His107, Cys158, Asp226, His228; DnaE1 MTB numbering) within the PHP domain using a regular expression. DNA polymerase sequences that encoded alterations within this motif were classified as having an 'exonuclease-inactive' PHP domain. Classification of a subset of PolC DNA polymerases was ambiguous-these sequences conserved all nine metal ion-binding residues but also had an ε exonuclease inserted into the PHP domain (characteristic of PolC-type DNA polymerases; see below). For this reason, such PolC sequences were classified as PHP domain 'exonuclease inactive/active?' . Sequence alignments were also used to classify ε homologs. An ε homolog was not identifiable (E value < 1 × 10 −5 ) for some bacterial species. ε homologs were subdivided into one of thee categories: (i) an E. coli-like ε, which we defined by the presence of a single-domain protein containing a DEDDh-family exonuclease followed immediately by a clamp-binding motif (QXX[L/F/M/I]X); (ii) an ε homolog inserted into the PHP domain of a PolC-type DNA polymerase; and (iii) an ε homolog fused to the N terminus of a DnaE-type DNA polymerase. E. coli-like ε homologs were further confirmed on the basis of scoring (score cutoff > 210) as hits against the dnaQ_proteo (TIGR01406) model in the NCBI Conserved Domain Database ( Supplementary Table 3 ) 18 . The only bacterial classes that contained E. colilike ε exonucleases in our sequence collection (score > 210 when compared to TIGR01406) were the α, β and γ proteobacteria ( Supplementary Table 3 ). Phylogenetic analysis. To facilitate phylogenetic comparison, a subset of species (eight each) from each bacterial class was chosen to represent the total organismal diversity within that class. 16S rRNA sequences were aligned with Infernal using a covarion model built from a high-quality reference alignment 28 . Initial phylogenetic relationships were constructed with FastTree with the default settings 29 . These trees were then used to guide the organism selection process on the basis of the phylogenetic diversity (branch length) that each organism contributed to the tree. The phylogenetic trees for publication were generated with RAxML with the −f a option and the GTRGAMMA model of nucleotide substitution to generate 1,000 bootstrap replicates followed by a search for the best-scoring maximum-likelihood tree 30 . Convergence was assessed using the −I autoMRE option in RAxML. Tree analysis and visualization were carried out with iTOL 31 .
M. tuberculosis clinical strain dnaE1 SNP analysis. M. tuberculosis genome sequences [32] [33] [34] were downloaded from repositories and converted to FASTQ files. Reads were aligned to the M. tuberculosis reference genome (NC_018143) with BWA-MEM 22 with the default parameters. Data were further processed using Pilon (Broad Institute) with the "-tracks" setting. SNPs within the PHP domain of DnaE1 (Rv1547; amino acids 1-300; genome coordinates 1,747,700-1,748,599) that passed the Pilon filtering criterion were then extracted from VCF files. A small number of samples from the Casali et al. 32 data set were found to be non-M. tuberculosis species and were excluded from the analysis.
Minimum inhibitory concentration determination. MIC determination was performed as previously described 35 .
Protein expression and purification. M. tuberculosis dnaE1 (Rv1547) was cloned into the pYUB28b vector (kindly provided by E. Baker, University of Auckland) and transformed into the electrocompetent M. smegmatis mc 2 4517 strain (kindly provided by W. Jacobs, Albert Einstein College of Medicine). Cells were grown in ZYP-5052 culture medium 36 at 37 °C and 200 rpm, collected at OD 600 = 6.0 and stored at −80 °C. Wild-type and mutant DnaE1 MTB proteins were purified using nickel-affinity, anion-exchange and gel filtration columns, and His tags were cleaved with HRV 3C protease. All purification steps were carried out in 50 mM HEPES, pH 7.5, 0.1-1.0 M NaCl and 2 mM DTT. Proteins were stored at −80 °C in 50 mM HEPES, pH 7.5, 150 mM NaCl and 2 mM DTT. E. coli PolIIIα and ε subunits were purified as described previously from BL21 DE3 E. coli 37 . To remove trace amounts of copurifying endogenous exonuclease, PolIIIα was incubated with an excess of ε peptide (residues 209-243) and purified using gel filtration.
Polymerase and exonuclease assays. All assays were performed in 50 mM HEPES, pH 7.5, 50 mM potassium glutamate, 6 mg/ml BSA, 2 mM DTT and 2 mM magnesium acetate. Real-time primer extension assays were performed as described previously 37 , using 23 nM protein, 216 nM unlabeled DNA, 21.6 nM labeled DNA and 4 µM dGTP. To determine V max and K m values from DnaE1 MTB and PolIIIα EC , incorporation rates were measured at 0-100 µM dGTP, and data were fitted in GraphPad Prism (Version 6 for Mac OSX) using the results from three independent experiments. For gel analysis, reactions were performed at 22 °C with 6 nM purified protein and 100 nM DNA substrate. Primer extensions were carried out for 5 min in the presence of 100 µM dNTP unless stated otherwise. For inhibition assays, 200 µM adeninearabinofuranoside-5′-triphosphate (ara-A; Jena Bioscience) was added to the
